ABSTRACT Position effect variegation (PEV) is the epigenetic disruption of genes expression near the de novo formed eu-heterochromatin border. Heterochromatic cis-inactivation may be accompanied by the trans-inactivation of genes on a normal homologous chromosome in trans-heterozygous combination with a PEV-inducing rearrangement. We characterized a new genetic system, inversion In(2)A4, demonstrating cis-acting PEV as well as trans-inactivation of the reporter transgenes on the homologous nonrearranged chromosome. The cis-effect of heterochromatin in the inversion results not only in repression but also in activation of genes, and it varies at different developmental stages. While cis-actions affect only a few juxtaposed genes, transinactivation is observed in 500 kb region and demonstrates а non-uniform pattern of repression with intermingled regions where no transgene repression occurs. There is no repression around the histone gene cluster and in some other euchromatic sites. Trans-inactivation is accompanied by dragging of euchromatic regions into the heterochromatic compartment, but the histone gene cluster, located in the middle of the trans-inactivated region, was shown to be evicted from the heterochromatin. We demonstrate that trans-inactivation is followed by de novo HP1a accumulation in the affected transgene; trans-inactivation is specifically favored by the chromatin remodeler SAYP and prevented by Argonaute AGO2.
Position-effect variegation (PEV) is an epigenetic phenomenon of inactivation of a gene in a portion of cells caused by relocation of a gene into or very close to the heterochromatin. Heterochromatin has a distinct chromatin structure including specific histone modifications, associated proteins and a condensed nucleosome package. This structure can spread from the euheterochromatic border into the euchromatin by self-assembly and propagation of a complex containing SU(VAR)3-9 histone methyltransferase, HP1a and SU(VAR)3-7 proteins, thus affecting the expression of euchromatic genes near the border (GREWAL AND ELGIN 2002; SCHOTTA et al. 2003; HINES et al. 2009; ELGIN AND REUTER 2013) . The analysis of the spreading of heterochromatin using the high throughput approaches has been performed in a single paper aimed to the analysis of white-mottled Xchromosomal inversions demonstrating PEV of the white gene (VOGEL et al. 2009 ). It was found that HP1a propagates up to 175 kb into euchromatin from the heterochromatin border and demonstrates uneven distribution over the spreading area. Only the white among 20 measured genes in this region demonstrates decreased expression due to PEV.
Here we present a detailed study of the genetic system (inversion In(2)A4), demonstrating ciseffects of heterochromatin on genes expression as well as inversion-induced trans-inactivation of the transgenes located on the homologous non-rearranged chromosome. RNA-Seq analysis shows that only a few euchromatin genes near the breakpoint of In(2)A4 significantly change their expression levels, similar to the whitemottled rearrangements (VOGEL et al. 2009 ). We detected not only the repression, but also the activation of euchromatic genes as the cis-effect of inversion. We also found that cis-effects of heterochromatin on a given gene depend on developmental stage. To our knowledge, these peculiar cis-effects of heterochromatin on the adjacent euchromatic region have not been reported previously, while the phenomenon of discontinuous heterochromatinization of euchromatic regions near the breakpoint has been discussed (TALBERT AND HENIKOFF 2006) .
In contrast to relatively weak cis-effects, the inversion In(2)A4 causes strong and widespread inactivation of the mini-white reporter in transgenes on homologous non-rearranged chromosome (preliminary data (ABRAMOV et al. 2011)) . Only a few examples of trans-action of heterochromatin have been reported to date and the most extensively studied case оf heterochromatin-induced trans-inactivation is the bw D allele induced by the insertion of satellite DNA fragment into coding region of the brown gene (Sage et al. 2005) . Both In(2)A4 and bw D are able to repress the mini-white-containing transgenes on a homologous chromosome by dragging these region into the heterochromatic compartment. Unlike bw D , In(2)A4 is the inversion causing significant perturbation of chromosome organization. In combination with wildtype chromosome, it forms a loop due to homologs pairing and the sticking of separated heterochromatin block and the main pericentromeric heterochromatin. Spatial organization of the loop in the nuclear compartment appears to be the reason for the complex pattern of transinactivation, which includes the non-inactivated region of the histone genes cluster. Cis-effects of heterochromatin on neighbor genes in rearranged chromosome and trans-inactivation of transgenes are considered as independent processes since the transgene can be inactivated while a gene at a homologous site on the rearranged In(2)A4 chromosome remains either unaffected or even shows increased transcription. HP1a accumulation was detected at trans-inactivated transgenes, but not on a homologous site on the In(2)A4 chromosome. We reveal the proteins specifically affecting transinactivation: chromatin remodeler SAYP enhances the repression, while the component of the siRNA pathway and possible insulator protein AGO2 prevents it. Our data point to different molecular mechanisms of cis-acting PEV and trans-inactivation caused by In(2)A4.
MATERIALS AND METHODS
Fly stocks: Strain А12 was created from the y 1 w 67c23 progenitor by introducing the P-elementbased transgenic construction carrying the miniwhite and LacZ reporter genes (TULIN et al. 1998) . The transgene is inserted at the beginning of 5' UTR of the Hr39 gene (position chr2L:21237278). A12 flies have a uniform red eye color due to the expression of the miniwhite in transgene ( Figure 1C ). Inversion In(2)A4 (hereafter A4) was produced by X-ray irradiation of A12 flies and screening of progeny for eye color variegation. A4 is the inversion with the breakpoints in the left arm of the chromosome 2 near the transgene position and in the pericentromeric heterochromatin. A4/A4 flies demonstrate variegated eye color ( Figure 1C ), reduced viability and female sterility.
In (2) Trans-inactivation evaluation: Trans-inactivating ability of the A4(ΔP) inversion was tested over a set of mini-white-containing transgene insertions in 38D-40F region of chromosome 2 (69 in total, listed in Supporting Information, Table S1 ). These stocks, carrying different types of transgenes (P[lacW] To test the susceptibility of the reporter transgene to trans-inactivation, crosses w*; A4(ΔP)/CyO females to w*; P(w)/CyO males were performed (here and below P(w) denotes a normal chromosome bearing the mini-white containing transgene in the 38D-40F region). Eye colors of the P(w)/A4(ΔP) and P(w)/CyO siblings were compared, and the degree of transinactivation for each insertion was visually estimated and ranged as no (-), weak (+), medium (++), and strong (+++) inactivation ( Figure 1D ).
Crosses to check the impact of position effect modifiers: A number of mutations known to affect chromatin state were tested for their effects on cis-and trans-inactivation (list is in Table S4 [3] [4] [5] [6] [7] [8] [9] and Su(var) Raw reads were processed on a local Galaxy instance. The workflow included preprocessing of reads (FASTQ grooming, adapter removal, and quality trimming), transcript assembly and gene expression level quantification by Tophat 0.6 and Cufflinks 0.0.7 using the dm3/R5 Drosophila genes set. The Cufflinks output tables with gene-level FPKM values (number of fragments per kilobase of assembled transcript per million of fragments mapped to transcriptome), were processed in Excel. Genes with zero FPKM or with 3x or more FPKM difference between replicates were removed, and the average FPKM values were used for log2(A4/A12) calculation.
NGS data are available under accession number GSE71842 at the NCBI Gene Expression Omnibus website (http://www.ncbi.nlm.nih.gov/geo). mRNA quantification: mRNA abundances for the genes near the A4 breakpoints were evaluated by RT-qPCR. RNA was extracted from 2-3-day-old adult females or third instar female larvae A12/A12 and A4/A4 reared at 18° using RNeasy Mini Kit (Qiagen). RNA was reverse transcribed with random hexamer primers. Evaluation of the normalized relative quantities (ΔΔCq) of transcripts was performed by realtime PCR using gene-specific primers and a DT-96 amplifier (DNA-Technology LLC). mRNA quantities in the samples were normalized to that of the housekeeping RpL32 gene transcript. Log2-transformed ratios of A4 to A12 transcript amounts were calculated from the three biological replicates. Average values and standard deviations are presented in diagrams and Table S3 . The oligonucleotides used are listed in Table S2 .
Chromatin IP: Chromatin immunoprecipitation was performed as described previously (KLENOV et al. 2007) . Chromatin was extracted from third instar larvae and precipitated with antibodies against HP1a (Covance cat. 14923202) and H3K4me2 (Millipore 07-030). Two independent biological replicates were made. The enrichments were analyzed by quantitative real-time PCR using a reference region 60D (chr2R:20322299-20322469) for sample quantity normalization. Primers used in ChIP measurements are listed in Table S2 .
In situ hybridization and immunostaining: Mitotic chromosomes were prepared from A4/A12 and A12/A12 larval brains fixed according to (GATTI et al. 1994 ) and mounted with a DAPI-containing medium (Vectashield). Biotinylated oligonucleotides Biot-(AACAC) 10 , Biot-(GAGAA) 10 , and Biot-(AATAACATAG) 5 were used for in situ hybridization to reveal satellite DNA blocks on mitotic spreads. Mitotic chromosomes were stained by DAPI, biotin signals were detected by streptavidin-Alexa 546 (Life technologies) under a fluorescent microscope.
Combined fluorescent immunostaining of proteins and DNA in situ hybridizations were performed according to published protocol (SHPIZ et al. 2014) . Imaginal disks and salivary glands were isolated from the third instar larvae and hybridized to biotinylated oligonucleotide probe for the AACAC satellite (chromosome 2 pericentromeric heterochromatin), DIG-labelled probe for the 25 kb 39AB region (chr2L:21150645-21182675) and Cy5-labelled probe for the histone gene cluster. The DIG-labelled probe for the 39AB region was generated by random priming of long-range PCR-amplified fragments from this region using a DIG DNA labelling mix (Roche). The probe for histone gene cluster was prepared by random priming of PCR-amplified histone gene cluster unit (His1 to His3) using a Cy5-labelled nucleotide. In situ hybridization was combined with polyclonal rabbit anti-HP1a staining (PRB-291C Covance). Results of hybridization and immunostaining were visualized by streptavidin-Alexa 546 (Life technologies) for AACAC, anti-DIG-FITC AB (Roche) + anti-FITC Alexa 488 (Life technologies) for the 39AB probe, and anti-rabbit -Alexa 514 conjugate (Life technologies) for HP1a. Histone genes probe signal was detected by Cy5 fluorescence. Samples were also stained by DAPI to visualize nuclei. Oligonucleotides used for probe synthesis are listed in Table S2 .
Samples were mounted in Slow Fade medium (Invitrogen) for imaging in a Carl Zeiss LSM510 Meta confocal microscope equipped with a spectra analyzer and lasers of 405 (DAPI), 488(FITC), 514, 546, 633 nm. 3D images of stained nuclei were quantified in Imaris 7. The spots objects were generated in AACAC, histone genes cluster, 39AB probe in situ signal channels, and the mean intensity in HP1a channel was calculated for each spot. The total number of treated nuclei was one hundred for each genotype, the average values and standard deviations for each in situ probe were calculated.
Software tools: We used local mirrors of UCSC Genome browser (https://genome.ucsc.edu) and Galaxy (https://usegalaxy.org) for data treatment and visualization. Custom tracks of A4 breakpoint position, positions of checked transgenes with color information representing sensitivity to trans-inactivation, and positions of probes for qPCR and in situ hybridization were created in BED format, uploaded to Genome browser and used for creation of illustrations. Confocal images processing and calculations were done in Imaris 7 (Bitplane).
RESULTS
Structure of A4 rearrangement: Inversion A4 was produced by X-ray irradiation of the A12 chromosome carrying a mini-white-containing P-element insertion. Irradiation caused two breakpoints, one in the 39B1 euchromatic section and the other in the pericentromeric heterochromatin of chromosome 2. Euchromatic breakpoint was localized in a 105 bp region (chr2L:21182214-21182318) of the second exon of the Mcm10 gene using conventional genomic Southern blotting and PCR analysis (data not shown). (20708, 20250, 18735, 20102) are shown. P(w)/+ is a mini-white reporter over a wild-type chromosome, P(w)/A4(ΔP) is the same transgene over A4(ΔP) chromosome.
The position of the heterochromatin breakpoint was revealed using differential staining of mitotic chromosomes from A12/A4 individuals. The heterochromatic h37 DAPI-bright region (DIMITRI 1991) is split in A4 into two parts: the larger one remaining at the centromere and the smaller one relocated to euchromatin ( Figure  1A, B) . In situ fluorescent hybridization with several labelled satellite probes confirmed the cytological localization of the heterochromatic breakpoint within the h37 region containing the (AATAACATAG)n dodecasatellite (Lohe et al. 1993) . Approximately one third of the h37 block is relocated to euchromatin.
A4 inversion results in two new eu-heterochromatin borders, the border between euchromatin and small separated heterochromatin block (h35-h37), and between euchromatin and the main block of pericentromeric heterochromatin of chromosome 2. Euchromatin sections 39B2-40F are inverted relative to normal chromosome orientation and placed between two heterochromatin blocks ( Figure 1A) .
Evaluation of cis-effects of heterochromatin in A4: A12 chromosome, the progenitor of the A4 inversion, carries the mini-white-containing P-element in the 5' UTR of the Hr39 gene. Flies of genotype A12/A12 have ten times more eye pigment (quantitative data not shown) compared to A12/+, while the gene dosage increases just twice ( Figure 1C ). In the A4 chromosome, the mini-white transgene is located at 55 kb from the new eu-heterochromatin border and demonstrates a strong variegated expression in both A4/+ and A4/A4 flies (see Figure 1C) . The eye color in A4/A4 flies is significantly more intense than in A4/+ ones, similar to eye color difference between A12/A12 and A12/+. The observed dosage effect of the expression of miniwhite is specific to transgenes inserted in the beginning of Hr39 gene and is out of the scope in this article.
Variegated expression of mini-white reporter in A4/+ and A4/A4 flies points to PEV caused by rearrangement. The effects of heterochromatin on neighbor euchromatic genes and the distance of inactivation spreading were evaluated using RNA-Seq analysis of the gene expression in A4/A4 and A12/A12 (control) larvae and adult females. The qPCR verification of RNA-Seq data is presented for a set of genes scattered over a region of 500 kb near the pericentromeric heterochromatin (39AE region) and a region of 50 kb adjacent to the detached heterochromatic block (Figure 2 and Table S3 ). These regions in the normal chromosome demonstrate transinactivation of mini-white reporters when heterozygous with A4 (see below). 34 genes in the selected region have the expression levels high enough for reliable quantification. The log2-transformed A4/A4 to A12/A12 ratio values for these genes are presented in Figure 2B .
In the region adjacent to the main (centromeric) heterochromatin, we found the only three genes showing a significant decrease (more than twofold according to both RNA-Seq and qPCR) in mRNA abundances in A4/A4 larvae compared to A12/A12 ones. These genes are located at 35 kb (CG8678 and CG8679) and 63kb (Hr39) from the heterochromatin. In the A4/A4 adults, no decrease in CG8679 and Hr39 expression was observed, and a slightly increased expression of CG8678 was detected. Surprisingly, the CG8665 gene (189 kb from heterochromatin) demonstrated a strong 4-fold activation at the larval stage in A4/A4. In the region adjacent to the small detached block of heterochromatin, we found a twofold increase of the Acon gene expression in A4/A4 larvae (13.5 kb from the breakpoint). No significant changes in the genes expression in A4/A4 compared to A12/A12 were found at the adult stage.
Thus, the analysis of gene expression at the eu-heterochromatin borders of A4/A4 flies allow us to conclude that only a few genes respond to heterochromatin proximity, and their susceptibility to the effects of heterochromatin can vary at different developmental stages (such as for the CG8678 gene at the larval and adult stages, Figure 2B ). (Dimitri 1991) . Exon-intron maps of the genes in the region are presented and the genes with confirmed more than twofold expression changes in either larvae or adults have captions. Euchromatic position of the A4 breakpoint is shown by vertical dotted line. (B) Chromosome distributions of log2-transformed ratios (A4/A4 to A12/A12) of normalized gene expression levels based on RNA-Seq (blue diamonds) and qPCR (horizontal red strips) data. Cis-repression corresponds to negative values. These data show that euchromatic genes respond to heterochromatin-induced cis-effects individually and differently in larvae and adults. (C) Changes in HP1a and H3K4me2 abundances (log2-transformed A4/A4 to A12/A12 ratio) for genes Acon, CG8678, CG8679, Hr39, and crc at the larval stage. The positions of bars correspond to the positions of genes on the chromosome. Genes Acon, CG8678, CG8679, Hr39, but not crc change their expression near the heterochromatin (B). Significant changes (more than 2-fold) in HP1a are detected for the Hr39 and CG8678 genes, and no significant difference is observed for H3K4me2 enrichments.
Some genes even demonstrate an increased expression, while the majority of euchromatic genes near the heterochromatin remain unaltered or demonstrate just tiny changes in expression.
We checked the chromatin state of the genes affected by PEV (Acon, CG8678, CG8679, Hr39, and crc as a negative control) by ChIP with anti-HP1a and anti-H3K4me2 antibodies.
HP1a is a marker of heterochromatin, while the H3K4me2 histone modification associates with the active transcription. Chromatin samples were prepared from A12/A12 and A4/A4 larvae and the log2-transformed ratios of A4/A4 to A12/A12 enrichments in HP1a and H3K4me2 were calculated. Significant enrichments in HP1a (>2-fold) were detected at the repressed CG8679 and Hr39 genes, while no changes occurred at the activated Acon gene or crc gene with an unchanged level of expression. A weak enrichment (1.5-fold) in HP1a was detected for the repressed CG8678 gene. Changes in H3K4me2 were insignificant in all cases ( Figure  2C) . Thus, the increase in HP1a abundance underlies heterochromatin-caused cis-repression in tested genes.
Trans-inactivation of mini-white reporters caused by A4 rearrangement: We noticed that A12/A4 flies demonstrate variegated eye color ( Figure 1C ), while A12/A12 or A12/+ ones have the uniformly colored eyes. The same variegated phenotype is observed in A12/A4(ΔP) flies carrying the inversion lacking the mini-white transgene ( Figure 1C ). This observation points to the ability of the A4 inversion to inactivate genes on the homologous normal chromosome (trans-inactivation). To evaluate the area of trans-inactivation, we checked 69 mini-whitecontaining transgenes (see Materials and Methods and Table S1 ) scattered throughout the 38D-40F sections, for their susceptibility to transinactivation by the A4 rearrangement. These transgenes are located in the 1.5 Mb region (38D-40F) around the position corresponding to the euchromatic breakpoint in A4.
The A4 induces trans-inactivation of the miniwhite reporters and trans-inactivation exhibits uneven distribution over a wide areas starting from the position of euchromatic breakpoint in A4. Two distinct areas of trans-inactivation were detected, the first smaller one is homologous to the euchromatic region adjacent to the separated small heterochromatin block in A4 (Figure 3 , region A) and the second, much more extended, corresponds to the euchromatic part of chromosome 2L transposed to pericentromeric heterochromatin in A4 (Figure 3 , regions B, C and E). Trans-inactivation in the region A spreads over a distance of approximately 40 kb, while the second area encompasses 476 kb since the inactivation of the 19883 transgene located in the 39E3 region is yet detectable (Figure 3 , region E, bold). An irregular pattern of mini-white trans-inactivation was found in the second area. Continuous repression is observed in the 40 kb region adjacent to the centromeric heterochromatin (region B), which is followed by the 80 kb region of interspersed inactivation (region C), where some transgenes are turned off while the others are active. No trans-inactivation was detected near the histone gene cluster (region D), but we found a ~45 kb "island" of trans-inactivation after the histone genes cluster (region E).
A4 inversion induces repression of mini-white reporters on homologous normal chromosome. In the regions near the eu-heterochromatin borders (approximately 40 kb in size), transgenes of any tested type in any position could be transinactivated, in contrast to cis-repression of euchromatic genes near the A4 breakpoint.
HP1a occupancies at the trans-inactivated transgene are independent of chromatin state at the homologous sites on A4 chromosome: A comparison of cis-effects of heterochromatin on a given gene in A4 and trans-inactivation of the transgene inserted into this gene on the homologous chromosome reveals no correlation between the two effects. For instance, the Acon gene demonstrates cis-activation in A4/A4 larvae, while the 20708 insertion in its 5' UTR is strongly trans-inactivated (Figures 2 and 3) . We suggest that the formation of repressive chromatin in the transgene occurs independently of chromatin state of homologous region on A4. To check directly this assumption, we compared HP1a enrichments inside the transgenes and at the sites of transgene insertions on A4(ΔP) chromosome by chromatin immunoprecipitation.
We checked the chromatin state of the two transgenes, trans-inactivated 11127 (P [lacW] Primers to mini-white and LacZ genes were applied for HP1 and H3K4me2 enrichment measurements in the insertion 11127. There is no LacZ in the insertion 20102; just primers to mini-white were used in this case. To measure the occupancies of HP1a and H3K4me2 at the sites on A4(ΔP) chromosome corresponding to the place of 11127 transgene insertion, we utilize primer pair designated as 11127. PCR product from this primer pair overlaps the place of insertions of the respective transgene ( Figure  4) .
We found more than a twofold enrichment in HP1a at the mini-white and LacZ genes in transinactivated transgene 11127 (in 11127/A4(ΔP)) relative to the 11127/+ control). The changes in the H3K4me2 modification level were insignificant with a tendency to drop at the LacZ ( Figure  4B Trans-inactivation and the nuclear position of histone cluster: The small detached heterochromatin block in A4 chromosome tends to conjugate with the pericentromeric heterochromatin in A4/A4 flies and is able to drag the regions of somatically paired normal chromosome (in A4/+ flies) into the heterochromatic nuclear compartment ((ABRAMOV et al. 2011; LAVROV et al. 2013) , unpublished data). Inversion A4 produces a peculiar pattern of the mini-white transgene trans-inactivation along the chromosome: repression occurs on both sides of histone gene cluster, while several transgenes (21396, 21432, 16407 , and 12761; Figure 3 , region D) located immediately close to the cluster show no mini-white repression. To check the correlation of this effect with a specific nuclear compartmentalization of the histone gene cluster, we performed combined in situ hybridization and HP1a immunostaining of nuclei from A12/A12 and A12/A4 larval imaginal disks. The heterochromatic compartment was detected by HP1a staining, and the intranuclear positions of chromosome regions were visualized using DNA probes for the 39AB region (35 kb fragment immediately adjacent to euchromatic breakpoint), the histone genes cluster and AACAC satellite as a marker of pericentromeric heterochromatin of chromosome 2. One hundred of interphase nuclei of both genotypes were analyzed using a confocal microscope.
The number of signals for each hybridization probe per nuclei and the position of each probe relative to HP1a-stained subvolume of nuclei volume were estimated. Single spots for the 39AB region and the histone genes cluster were revealed in 92% of A4/A12 nuclei and 94% of A12/A12 nuclei. These data indicate the essentially complete pairing of homologs both in the case of normal chromosomes (A12/A12) and in trans-heterozygous combination of normal and rearranged chromosome (A4/A12). We found that the histone gene cluster localizes in both A4/A12 and A12/A12 nuclei at the border of the area highly enriched in HP1a (97% of nuclei). The 39AB fragment, representing the trans-inactivated area, locates in the euchromatin in A12/A12 nuclei, while in A12/A4 nuclei it is detectable inside the HР1a-stained compartment ( Figure 5 ). To confirm the observation, the measurements of the mean intensities of HP1a staining at the positions of in situ hybridization signals of AACAC satellite, histone genes cluster and 39AB region were performed (described in Materials and methods section). The measurements show that the concentration of HP1a at the position of 39AB is higher in A4/A12 nuclei compared to A12/A12, and the concentration of HP1a in the position of histone genes cluster remains approximately the same in A4/A12 and A12/A12, but is lower than at the position of AACAC satellite ( Figure 5C ).
The 39AB probe, which corresponds to region A of continuous trans-inactivation (Figure 3) , produces a single hybridization spot in the majority of A4/A12 nuclei. Region A is normally (in A12/A12) located in euchromatin and become to be dragged into the HP1a-rich compartment in A4/A12 nuclei. The probe for the histone genes cluster corresponds to region D where no trans-inactivation is observed ( Figure  3 ). Despite the conjugation of A4 with A12, the histone genes cluster tends to be excluded from the heterochromatic compartment to the border of the HP1a-enriched area. We assume that the histone cluster stays out of the heterochromatic compartment, thus suppressing trans-inactivation in its vicinity.
Genetic modifiers of trans-inactivation:
We tested several well-known modifiers of position effect variegation for their ability to affect transinactivation (see Materials and Methods and Table S4 ). The eye phenotypes in Figure 6 are presented for transgene 11127, located in the region D with interspersed trans-inactivation (Figure 3) .
The majority of traditional PEV modifier mutations tested (Su(var) [2] [3] [4] [5] 3-7) suppresses transinactivation of transgenes Figure 6 . Effect of PEV modifiers and e(y)3 transcriptional coactivator on trans-inactivation. Trans-inactivated transgene 11127 is the insertion of P[lacW] at a distance of 80 kb from the border between euchromatin and pericentromeric block of heterochromatin in A4. and Su(var) and cis-inactivation of the reporter mini-white inserted in the Hr39 gene in A4 (Table S4 ). The exception is the mutations in the Su(var)3-9 gene with no effect on trans-inactivation or cisinactivation of mini-white in A4 chromosome. The Su(var)3-9 gene encodes histone methyltransferase, one of the key components of the heterochromatin spreading mechanism (SCHOTTA et al. 2002) . However, the mutation in the eggless gene encoding another histone methyltransferase, SETDB1, strongly suppresses trans-inactivation of transgenes as well as cis-inactivation of the mini-white in A4 (not shown).
We detected the opposite effects on trans-inactivation of two proteins known to be involved in chromatin state maintenance. Trans-inactivation but not cis-inactivation of the mini-white in A4 is strongly suppressed by the e(y)3 u1 mutation affecting SAYP (Supporter of Activation of Yellow Protein, a co-activator/subunit of the Brahma remodeling complex (CHALKLEY et al. 2008) ) and essential component for heterochromatin establishment on chromosome 4 (Shidlovskii et al. 2005) . We also detected that AGO2 protein acts as a potent suppressor of trans-inactivation. This protein was earlier described as a component of the insulator complex (MOSHKOVICH et al. 2011) , and the loss of its function disturbed transcription in Drosophila (CERNILOGAR et al. 2011 ) males have white eyes contrary to heterozygous siblings with colored eyes (Figure 6 ). AGO2 mutations also exert a smaller but discernible enhancer effect on cis-inactivation in A4.
Mutations in genes UAP56 (a component of mRNA nuclear transport), zeste (affects transvection) and piwi (a component of piRNA silencing pathway) have no effect on trans-inactivation (not shown), although they have been reported as PEV or chromosomal interaction modifiers (HAZELRIGG AND PETERSEN 1992; EBERL et al. 1997; PAL-BHADRA et al. 2004) .
DISCUSSION
Here we describe the genetic system, inversion A4 in chromosome 2, which provides an opportunity to explore simultaneously the cisand trans-effects оf a eu-heterochromatic rearrangement. This inversion was originated by irradiation-induced breakpoints in euchromatin and in the block of dodecasatellite in pericentromeric heterochromatin of the normal progenitor A12 chromosome carrying the mini-white reporter. A4 causes a variegated phenotype of the mini-white reporter located 55 kb from the border with the main centromeric heterochromatin block. A4 also causes trans-inactivation of the mini-white containing transgenes located on the non-rearranged chromosome in the regions homologous to those adjacent to heterochromatin in A4 (Figure 1 and 3) .
To check the degree of propagation of heterochromatin cis-acting effects, we measured the expression levels of genes in A4/A4 and A12/A12 adult and third instar females (Figure 2 and Table S3 ). To our knowledge, this is the first position effect variegation study using RNA-Seq profiling. We found that the vast majority of euchromatic genes in their natural environment (contrary to reporter transgenes) are resistant to heterochromatin influence in the A4 inversion. A significant decrease in mRNA level was revealed only for three genes (G8678, CG8679, and Hr39) out of thirty-four analyzed genes in A4 larvae, and no significant changes in expression were detected in adults. Our observation that the expression of the majority of heterochromatin-relocated genes is unaltered is similar to the results of the earlier study of white-mottled inversions (Vogel et al. 2009 ). These authors demonstrated a notable decrease in the expression of only the white gene out of 20 tested genes relocated to heterochromatin. Authors suggested that the white gene has an unusual intrinsic affinity for heterochromatin, which may render this gene more susceptible to silencing by heterochromatin than most other genes.
Obviously, the white gene is not the unique target of PEV. There are a number of examples of PEV of different genes in classical genetics studies (SPOFFORD 1976) . In the case of A4 rearrangement, three different genes are repressed in heterochromatin proximity. The features making gene amenable to heterochromatin repression are not known now, but one possibility could be ruled out in our study. There is no visible correlation between transcription level of the gene and the degree of repression under heterochromatin influence. This follows from the comparison of expression levels of genes in RNA-seq data (Table S5) .
Surprisingly, we revealed not only the repression, but also the activation of two genes located near the heterochromatin in the region visibly heterochromatinized in A4 polytene chromosomes (not shown). Expression of the Acon gene (evaluated by both RT-qPCR and RNASeq) increased twofold and the expression of the CG8665 gene increased 4-fold in A4/A4 larvae compared to individuals carrying the progenitor non-rearranged chromosome A12. The detected cases of gene upregulation in A4 could be explained taking into account the reported HP1a ability not only to repress but also to activate individual genes (CRYDERMAN et al. 2005; DE LUCIA et al. 2005; HEDIGER AND GASSER 2006; DE WIT et al. 2007; CRYDERMAN et al. 2011; EISSENBERG AND ELGIN 2014) .
We found that heterochromatin effect on a given gene in A4 depends on the developmental stage, since all the genes demonstrating repression or activation in third instar larvae show no significant expression changes in adults. This observation may be explained assuming that the heterochromatinization perturb not the transcription itself, but the changes in gene transcription state (either activation or repression), which are in turn coupled with chromatin remodeling. Late larval stage is the period when a vast number of genes change their transcription state and presumably become sensitive to heterochromatin influence.
The A4 inversion is able to induce trans-inactivation of reporter transgenes on the homologous chromosome. This ability was primarily revealed by the observation of variegated eye phenotype of A12/A4 flies ( Figure 1C ). Transinactivation caused by A4 was probed using the mini-white-containing transgenes located on the normal chromosome 2 in the regions that are homologous to the A4 regions adjacent to heterochromatin. Trans-inactivation spreads over the area of 475 kb from the main satellite block (up to transgene 19883, Figure 3 , region E) and over the area of 40 kb (Figure 3, region A) from the small detached heterochromatic block.
Inactivation of transgenes on the normal chromosome in combination with A4 is continuous both in the 40-kb area adjacent to the main block of pericentromeric heterochromatin and near the small detached heterochromatic block (Figure 3, regions A The region of app. 80 kb in size (Figure 3 , region C) demonstrates interspersed trans-inactivation. Closely located transgene pairs with different responses to inactivation are represented by SH0764 (P[lacW] )/11019 (P[lacW] ) and 20102 (P[EPgy2] )/12400 (P[GT1] ). The first pair lies in the 5' UTR of the CG8671 gene and the insertions are separated by 326 bp. Transgene SH0764 but not 11019 is sensitive to trans-inactivation, and both are of the same type, P [lacW] . In the second pair of transgenes separated by 500 bp, 20102 is not trans-inactivated while 12400 is moderately inactivated.
Transgene 20102 is inserted upstream of the crc gene and 12400 is in its 5' UTR.
We revealed different responses to trans-inactivation of transgenes separated by only 9 bp (10662 and EP2348 in 5' UTR of CG9246 gene, Figure 3 , region A), which raises the question if chromatin organization at the insertion site is a determining factor of trans-inactivation. Rather, the differences in trans-inactivation of closely located transgenes can be explained by the formation of individual chromatin structures including functional elements of transgene and its target in each case of insertion.
Cis-and trans-inactivation effects of heterochromatin on the homologous regions on the rearranged and normal chromosomes do not follow each other (Figure 2 and 3) . Euchromatic genes in their natural environment appear to be quite resistant to heterochromatin influence, presumably due to the presence of full sets of regulatory elements (enhancers, insulators, etc.) . Just a few genes near the eu-heterochromatin border in A4 chromosome are affected, while the inactivation of transgenes on homologous chromosome is strong and can be detected far from heterochromatin. Transgenes containing mini-white reporters are quite sensitive to repression when placed into heterochromatin environment (this work, bw D example and earlier observations like (Martin-Morris et al. 1997) ), presumably due to the lack of full set of regulatory elements. Transgenes in the same region (like abovementioned 11127 and 20102, Figure 3 , region C) can be inactivated or not, respectively, and we suppose that heterochromatin formation proceeds autonomously on a transgene dragged into the heterochromatic compartment and may induce heterochromatinization on the homologous rearranged chromosome, an initiator of the heterochromatic compartment dragging and subsequent trans-inactivation (Figure 4 ). An additional observation pointing to different mechanisms of cis-and trans-inactivation is the existence of mutations specifically affecting trans-but not cis-inactivation in A4. We re-vealed that two chromatin-related proteins, SAYP and AGO2, act as potent non-canonic PEV modifiers of trans-inactivation. SAYP protein, a subunit of the SWI/SNF complex (CHALKLEY et al. 2008) has been characterized as a chromatin coactivator (SHIDLOVSKII et al. 2005) . At the same time, SAYP binds to heterochromatin and its deficiency suppresses heterochromatin-induced repression of transgenes and the white gene in the w m4h inversion (SHIDLOVSKII et al. 2005) . In our case, SAYP mutation strongly suppresses trans-inactivation but not cis-repression of transgene in A4 ( Figure  6 ). AGO2 mutations, by contrast, enhance transinactivation but just slightly affect cis-repression of transgene in A4 (Figure 6 ). Apart from its role in siRNA-based RNAi, AGO2 is considered as a component of active chromatin in Drosophila (CERNILOGAR et al. 2011) and as an insulator-associated protein (CERNILOGAR et al. 2011; MOSHKOVICH et al. 2011) . Although the exact mechanisms of the opposite effects of AGO2 and SAYP mutations on trans-inactivation remain obscure, it is possible that SAYP directly participates in the heterochromatinization de novo, while AGO2 is necessary for the proper functioning of insulators around the trans-inactivated reporter gene.
Trans-inactivation caused by A4 shows similarities with the earlier studied ability of the bw D allele to silence homologous bw allele and the mini-white-containing transgenes in trans. Up to now, bw D was essentially unique and most extensively explored example of PEV-induced trans-inactivation in the fruit fly. bw D caused by the insertion of the AAGAG satellite (1.6 Mb) into the coding sequence of the brown gene (Sage et al. 2005) . It has been expected and then experimentally confirmed that the presence of somatic pairing of homologous chromosome in Drosophila and the ability of heterochromatic repeated regions to stick together underlie the dragging of euchromatin into the heterochromatic compartment by the bw D allele (CSINK AND HENIKOFF 1996; CSINK AND HENIKOFF 1998; FUNG et al. 1998 ; THAKAR AND CSINK 2005). The molecular mechanism of heterochromatin formation in trans-inactivation differs from its cis-spreading, since it is independent of the histone methyltransferase SU(VAR)3-9 (Nisha et al. 2008) . In the case of the bw D transinactivation, deletion mapping (Sage et al. 2005) identified the 301-bp region acting as an enhancer of trans-inactivation; it contained multiple binding sites for BEAF insulator protein and was enriched by BEAF (according to the ChIP-chip profile, modENCODE). However, we found no obvious correlations between BEAF enrichment and transgene inactivation sites using the modENCODE BEAF profile. We found no trans-inactivation of transgenes in the region immediately proximal to the histone gene cluster (Figure 3 , region D), while it occurred further away from both sides of the cluster. Since A4, like bw D , causes dragging of euchromatic regions into the heterochromatic compartment (Abramov et al. 2011; Lavrov et al. 2013) , we checked if a distinct intranuclear placement of the histone genes cluster may be responsible for the suppression of trans-inactivation. 3D confocal imaging using the probes for the trans-inactivated region and the histone gene cluster shows that the latter forms a distinct subcompartment located on the border of the heterochromatic compartment but outside of it ( Figure 5 ). We assume that this is the reason for the large-scale gap in trans-inactivation spreading near the histone gene cluster. Studies of the described genetic system allow us to consider cis-inactivation and trans-inactivation driven by chromosomal rearrangement as two relatively independent processes of heterochromatinization. We revealed no correlation between cis-repression of genes near the eu-heterochromatin border and inactivation of transgenes on a homologous chromosome (Figure 2 and 3) . The process of transgene heterochromatinization seems to be independent of cis-spreading of heterochromatin, because the binding of HP1a to transgene occurs in the absence of HP1a at the homologous site on the
